Summary Cyanidioschyzon merolae is a unicellular red alga that lives in acidic hot springs. The genome sequence of C. merolae has been completely read, but a lack of transformation systems still limits its application in genetics. To choose an appropriate drug for use in selectable media, we examined the effects of seven antibiotics on the growth of C. merolae. Only cycloheximide, an inhibitor of protein synthesis, effectively inhibited the growth. We noticed that there was a population that could survive in the presence of cycloheximide and succeeded in isolating six cycloheximide-resistant clones. All these clones have the same single mutation in the ribosomal protein L29 gene that encodes a ribosomal protein.
The unicellular red alga Cyanidioschyzon merolae is a small organism (2 mm in diameter) that lives in sulfate-rich acidic hot springs (pH 1.5, 45°C). This alga has been used as a suitable model system for studies of organelles because the cells have a simple structure: they are constructed by only one nucleus, one mitochondrion, one chloroplast, one microbody, one Golgi apparatus with two cisternae and coated vesicles, one layer of endoplasmic reticulum, several lysosome-like structures and a small volume of cytosol (Kuroiwa et al. , 1998 . It has also the great advantage that divisions of the nucleus, mitochondrion, chloroplast and cytokinesis can be highly synchronized under light/dark cycles of culture condition . In a previous study, our group reported the genome sequence of C. merolae as the first complete algal genome (Matsuzaki et al. 2004) . This small genome (16.5 Mb) is becoming a powerful tool for studying organelles. On the basis of the genome information, Miyagishima et al. (2002) found a plant-specific dynamin that is involved in the division of chloroplasts. We also consider that this organism provides fundamental informations for evolutionary biology, and environmental sciences. A method for transformation of C. merolae should facilitate these studies using the genome information. Under laboratory conditions, C. merolae is haploid. This is an advantage for genetics because phenotypes caused by mutations are easy to recognize. In this study, since selectable markers are needed for transformations, we examined the effects of antibiotics on the growth of C. merolae. We found that cycloheximide, an inhibitor of protein synthesis, profoundly inhibited the growth. We have also isolated six cycloheximide-resistant clones in the process. These clones showed the same mutation in the L29 gene that encodes a ribosomal protein.
Materials and methods
C. merolae cells were grown in 2ϫAllen's media (Allen 1959) at 42°C under continuous light. 2ϫAllen's plates were made by mixing equal volumes of 4ϫAllen's media containing 1.5% tre-halose (pH 1.5) and 2% gellan gum after separate autoclaving (Toda 1996 , Minoda 2004 . Appropriate concentrations of antibiotics were spread on the plates to make the final concentrations. To compare the growth, 20 ml of a liquid log-phase culture, 10 8 cells per ml, of C. merolae was spotted on 2ϫAllen's plates with and without antibiotics and incubated for 5 d at 42°C under continuous light (80 mmol/m 2 s). Cycloheximide-resistant clones were isolated by transplanting the colonies to 2ϫAllen's plates containing 0.5 mg/ml cycloheximide several times. For sequencing, the L29 gene was amplified by colony polymerase chain reaction and read directly using primers designed at both ends of the gene. Detail will be described in elsewhere.
Results
We examined the growth of C. merolae in the presence of seven antibiotics: blasticidin, cycloheximide, geneticin, gentamycin, hygromycin B and kanamycin which inhibit protein synthesis and zeocin which cleaves DNA. On the 5th day after spotting the liquid culture on solidified media containing each drug, the growth was compared to that of the control incubated without antibiotics (Table 1 ). The cells on the media containing blasticidin, gentamycin, hygromycin B, kanamycin or zeocin grew normally compared with those on the control medium. Geneticin reduced the growth slightly but even at 1 mg/ml, which is quite a high concentration compared to those used in other organisms, the drug could not block the growth. Although the other antibiotics were ineffective, cycloheximide over 0.5 mg/ml totally blocked the growth for 5 d.
After another 5 d of incubation, we found small colonies on the cycloheximide-containing medium. We transferred these colonies to fresh 0.5 mg/ml cycloheximide-containing plates several times and finally isolated six cycloheximide-resistant clones (Fig. 1) . We suspected that these clones had mutations in the gene encoding ribosomal protein L29, since several mutant alleles of CYH2, a yeast gene encoding L29, confer strong cycloheximide resistance, and in Tetrahymena thermophila, a mutation in the L29 gene also results in the drug resistance (Stocklein et al. 1981 , Yao et al. 1991 . In yeast, two cycloheximide resistance alleles of CYH2 have been characterized: the codon for amino acid Gln-37 is replaced in one allele by a codon for lysine and in the other al- lele by a codon for glutamic acid. In Tetrahymena, the codon corresponding to Gln-37 is replaced with a codon for methionine which is the 40th amino acid, although replacing the codon for Met-40 with the codons for lysine and glutamic acid also results in the drug resistance. C. merolae originally had the codon for Met-40 (Fig. 2) . We amplified the L29 gene by colony PCR and read the sequences of the clones. All six clones had the same point mutation in the L29 gene. The codon ATG for Met-40 was changed to the codon AAG for lysine.
Discussion
We examined several antibiotics for use in selectable media for C. merolae. Even though they are commonly used in selectable media for other organisms, most of them did not effectively block the growth of C. merolae. It is possible that they lost their inhibitory effects or decomposed in the drug-unfriendly environment, such as continuous light, low pH and relatively high temperature. In fact, in the manufacturer's instructions, zeocin is said to lose its effect in an acidic environment. Cycloheximide could stop the growth at low concentrations and fortunately we were able to isolate cycloheximide-resistant clones. Although we have not succeeded yet in confirming the mutation corresponding to the phenotype by homologous recombination, the facts that all the clones have the same mutation in the L29 gene that converts the codon ATG for Met-40 to the codon AAG for Lys-40, and that the corresponding changes induce the drug resistance in yeast and Tetrahymena, strongly suggest that the phenotype is due to the presence of the mutation. We obtained no clones that had a codon for Glu-40, although this change also causes the drug resistance in yeast and Tetrahymena. The codons for Glu are GAG and GAA that require two and three mutations, respectively. We suspect this low probability is the reason why we did not obtain clones that had a codon for Glu-40. This corresponds to the result we obtained no clones that had AAA for Lys-40 and it is possible that Glu-40 also causes the drug resistance in C. merolae. Minoda (2004) also isolated a uracil-requiring mutant that had a frame-shift mutation in URA3. The possibility of URA3 and these mutated L29 genes working as selectable markers on transformation should greatly promote the establishment of a method for transformation.
Accession Numbers
The GenBank accession numbers for the sequence data used in this article are as follows: Cyanidioschyzon merolae L29 (AY555268); Saccharomyces cerevisiae L29 (CAA25729); Tetrahymena thermophila L27A (L29) (Q00454). 
